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Stripe Provides Cues Synergizing with Branchless
to Direct Tracheal Cell Migration
Ruslan Dorfman, Ben-Zion Shilo,1 and Talila Volk
Department of Molecular Genetics, Weizmann Institute of Science, Rehovot 76100, Israel
The Drosophila tracheal system is an interconnected tubular respiratory network, which is formed by directed
stereotypic migration and fusion of branches. Cell migration and specification are determined by combinatorial
signaling of several morphogens secreted from the ectoderm. We report the discovery of a group of ectodermal cells,
marked by Stripe (Sr) expression, that coordinates tracheal cell migration in the dorsoventral axis. Sr, an EGR family
transcription factor, is known to regulate muscle migration. In this study, we show that Sr ectodermal cells also
provide signals that are utilized for tracheal migration. These cues are separated in the time course of embryonic
development. Initially, tendon-precursor cells are in close proximity to the tracheal cells, and later, when tracheal
migration is complete, the muscles displace the trachea and attach to the tendon cells. sr-mutant embryos exhibit
defects in migration of all tracheal branches. Although the FGF ligand Branchless (Bnl) is expressed in a subset of
tendon-precursor cells independently of Sr, Bnl functions cooperatively with proteins induced by Sr in attraction of
tracheal branches. © 2002 Elsevier Science (USA)
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The Drosophila respiratory system develops from clus-
ters of ectodermal cells in 10 segments on each side of the
embryo. The tracheal cells are molecularly defined by
coexpression of two transcription factors, Trachealess (Trh)
and Drifter. Each cluster of 80 tracheal cells invaginates,
subdivides into 6 major branches, and begins migration
according to combinatorial signals of different morphogens,
like Dpp, Wg, and Hh (reviewed in Affolter and Shilo, 2000;
Zelzer and Shilo, 2000). Bnl is expressed on the ectoderm in
a dynamic and restricted pattern ahead of all migrating
branches and is required for their stereotyped migration
(Sutherland et al., 1996). Bnl activates the Breathless (Btl)
receptor, which is specifically expressed in the trachea
(Klambt et al., 1992). Later on, Bnl plays a critical role in
specification of cell fate of the terminal tracheal cells
(Sutherland et al., 1996).
While Bnl is the common migration guidance cue for all
tracheal branches, additional specific signals may be re-
quired in conjunction with Bnl (Reichman-Fried et al.,
1994). Recent studies demonstrated that dorsal trunk fusion
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All rights reserved.requires signaling from a single mesodermal cell expressing
the Hunchback (Hb) transcriptional regulator. The cell
functions as a “bridge-cell” and is needed for linkage of two
adjacent tracheal metameres. In the absence of this cell in
hb mutant embryos, initial primary branch formation is
normal, but subsequently, the dorsal trunk branches either
stall or extend in wrong directions, whereas the other
branches continue to develop normally (Wolf and Schuh,
2000).
While performing a tracheal-specific misexpression
screen, we identified the stripe (sr) gene, encoding an
EGR-like transcription factor, as a novel component neces-
sary for tracheal development. Sr has been previously im-
plicated as a key regulator of tendon-cell differentiation
(Frommer et al., 1996; Becker et al., 1997; Vorbruggen and
Jackle, 1997). The dynamic expression pattern of Sr is
determined by interplay between segmentation genes
(Piepenburg et al., 2000; Hatini and DiNardo, 2001). Ini-
tially, Sr is found at low levels in tendon-precursor cells.
Upon completion of myotube migration during the process
of muscle/tendon attachment, Sr levels increase dramati-
cally in response to the Drosophila neuregulin-like ligand,
Vein, which is secreted from muscles (Yarnitzky et al.,
1997; Nabel-Rosen et al., 1999).
In this study, we show that tendon-precursor cells, which
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FIG. 1. Stripe expression during tracheal migration. (A) At stage 12, Sr-expressing cells (green) are found in clusters positioned above and in front of
the migrating dorsal branch (I), the dorsal trunk (II), and the ganglionic branches (III). Red, anti-Trh marking tracheal nuclei; green, sr enhancer trap
detected by anti-Gal. (B) Anti-Sr staining (red) shows that trachea (trh enhancer trap detected by anti-Gal; blue) are positioned underneath the tendon
precursors, while muscle-precursor cells (green, marked with GFP by 24B/UAS-GFP) are positioned laterally and dorsally to the trachea. (C) At stage
14, group II of Sr expression (green) disappears, while groups I and III are aligned along the dorsoventral axis. Group IV is positioned above the visceral
branch. Red, anti-Trh; green, sr enhancer trap. (D,E) Myosin expression (blue) initiates at stage 14, when the trachea (green) are still attached to the
ectoderm. Blue, anti-Myosin; red, anti-Sr; green, btl-Gal4/Tau-GFP. (F) At stage 14, the dorsal tracheal branches (blue) are aligned along the group I
tendon cells (red). Red, anti-Sr; blue, trh enhancer trap. (G) Cross-section at the position of the line in (F); inset shows a higher magnification. (H, H) At
stage 14, the dorsal tracheal branches (blue) are displaced by muscles (green) that associate with the ectodermal muscle attachment cells (red). Note that
in the more posterior segment (c) displacement is completed, while in the anterior segment (a) it has not yet initiated. Red, anti-Sr; green, anti-Myosin;
blue, trh enhancer trap. (I, J) Stage 14 embryos showing the position of group IV Sr cells (green) with respect to the visceral branch (red). Red, anti-Trh;
green, sr enhancer trap. (K, L) At stage 16, muscles (green) are in contact with tendon cells (red), while the trachea (blue) is underneath muscles. The
ganglionic branch is aligned with group III Sr-expressing cells (arrow). Red, anti-Sr; green, 24B/UAS-GFP; blue, trh enhancer trap. (M, N) At stage 15, only
terminal cells (green) are in contact with the ectoderm. Red, anti-Sr; green, anti-SRF; marking the terminal cells at the dorsal and lateral branches,
respectively.
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express Sr, are required for proper migration of tracheal
branches along the dorsoventral axis. At early stages, ten-
don cell precursors are in intimate contact and superim-
posed above the tracheal cells. At the end of stage 14, the
trachea is displaced inwards by muscles, which in turn form
contacts with the tendons. Absence of Sr results in im-
paired cell migration in most of the tracheal branches,
while ectopic Sr expression leads to an excess of tracheal
cells in the dorsal branch. Moreover, we show that Sr
functions cooperatively with Bnl to facilitate extension of
the tracheal branches.
MATERIALS AND METHODS
The following antibodies were used: rat anti-Trachealess anti-
body to stain tracheal nuclei; guinea pig anti-Stripe; rabbit anti--
galactosidase antibody (Cappel); rabbit anti-Myosin; rabbit anti-Sal,
guinea pig anti-Kni and monoclonal mouse anti-DSRF antibody to
mark the terminal cells; Secondary antibodies: Cy2 or Cy5 anti-
rabbit IgG, Cy3 anti-rat IgG and anti-guinea pig IgG; Cy2 anti-
mouse IgG (Jackson ImmunoResearch).
The following alleles and fly strains were used: l(3)03999 is an
enhancer trap of sr, srG11; sr155 and Df(3)DG4 (obtained from public
stock centers); sr-Gal4 (obtained from G. Morata), and UAS-sr (our
lab). btl-Gal4 was used to drive expression of UAS-Tau GFP to
mark trachea with cytoplasmic GFP. 1-eve-1 is an enhancer trap of
trh and was used to mark tracheal cell bodies. 24B-Gal4/UAS-GFP
was used to visualize the muscle precursor cells. The enhancer trap
of bnl (P1) and cDNA were provided by M. Krasnow. htlzz81 null
allele was obtained from A. Michelson. sim-Gal4 (provided by C.
Klambt) was used to drive expression of UAS-bnl and UAS-sr in the
salivary glands.
RESULTS AND DISCUSSION
The pattern of Sr expression was followed with respect
to tracheal cell migration. The enhancer trap sr l(3)03999
marks four groups of ectodermal cells at stage 12 (Figs. 1A
and 1B). One group (I) dorsally abuts and covers the dorsal
part of the tracheal pit. The dorsal group of sr-positive
cells at stage 13 becomes more elongated, and at stage
FIG. 2. Tracheal phenotypes of stripe mutants. Wild type embryo
at stage 12 shows initiation of tracheal migration in all branches.
Red, anti-Trh. (B) In sr mutant embryos, stalled migration of the
dorsal trunk (arrowhead) and lateral trunk anterior (arrow) was
observed. Red, anti-Trh. (C) Wild type embryo at stage 14. Red,
anti-Trh. (E, G) In sr mutant embryos at stage 14, stalled migration
of the dorsal branch, dorsal trunk, and ganglionic branches (arrows)
was seen. Red, anti-Trh. (D) Wild type embryo at same stage.
Green, btl-Gal4/UAS-Tau GFP marking tracheal cell bodies. (F, H)
In spite of stalled migration, thin cytoplasmic extensions in the
correct direction were monitored in sr mutants (arrows). Green,
btl-Gal4/UAS-Tau GFP. (I, J) The correct number of terminal cells
(determined by SRF staining in red) is established in hypomorphic
sr mutants, where migration is generally normal. Green, trh
enhancer trap. (K) At stage 16 in wild-type embryos, muscles
(green, anti-Myosin) have completed their migration and are
separating between the trachea (red, anti-Trh) and the ectoderm. (L)
In stage 16 sr mutants, the dorsal branches fail to migrate (arrow-
head) and muscle migration is abnormal (arrow). The tracheal
migration defects in these embryos are a direct result of Sr absence,
rather than an indirect consequence of the muscle phenotype, since
in htl mutant embryos (M), where muscle migration (green) is also
defective, the dorsal branches (red) migrated normally (arrowhead).
Red, anti-Trh; green, anti-Myosin. Note: The defective migration of
the visceral branch in sr-mutant embryos may indicate that the
ectodermal expression of Sr in a patch abutting the visceral branch,
before it initiates migration toward the visceral mesoderm (shown
as domain IV in Fig. 1), may be important for proper migration of
this branch.
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14 a line of Sr cells is aligned above the dorsal branch and
the transverse-connective part and the lateral anterior
trachea branch (Figs. 1C and 1D). All the cells expressing
Sr are in intimate contact with tracheal cells that are
positioned underneath (Figs. 1F and 1G). Until stage 14,
the muscle precursors are positioned between the tra-
cheal pits at the same distance from ectoderm and are not
in contact with tendon precursors (Fig. 1B). At the middle
of stage 14, the laterally migrating muscles displace the
tracheal cells and only the terminal cell of the dorsal
branch remains in contact with ectodermal cells (Figs. 1H
and 1K). As shown in Fig. 1H, the dorsal branch cells in
segment a are still in contact with the tendon cells and
muscles are abutting the dorsal branch from both sides,
while in the more posterior segment c, muscles have
displaced the dorsal branch inwards and formed contacts
with the tendon cells. The muscle-precursor cells start
expressing myosin at stage 14, just prior to displacement
of the trachea. As seen in Fig. 1D, no myosin is detected,
while a slightly older embryo (Fig. 1E) shows the begin-
ning of myosin expression. The displacement of trachea
appears to be a result of an active process of muscle
migration toward the tendon cells that coincides with
myosin expression.
The second group of tendon-precursor cells (II) is posi-
tioned anterior to the dorsal trunk-forming cells (Fig. 1A).
At stage 13, this group decreases to two cells, which
disappear at midstage 13, when migration of dorsal trunk
cells is almost complete (Fig. 1C).
The third group of Sr-expressing cells (III) is positioned
above the migrating ganglionic branches (Figs. 1A, 1J, and
1L). With progression of embryonic development, concur-
rent with tracheal migration, the number of Sr cells in-
creases and the cells are aligned in the dorsoventral axis
above the ganglionic branches that remain in close proxim-
ity until stage 16 (Fig. 1L).
At stage 14, the fourth group of Sr-positive cells appears
(IV), forming a line in the anterior–posterior axis just above
the visceral branch (Figs. 1C, 1I, and 1J). However, the
tendon-precursor cells in this group are in direct contact
with only two to three cells of the visceral branch at the
point where visceral branch emanates from the transverse
connective branch.
Later, at stage 15, additional rows of Sr-positive cells
appear, but since the tracheal migration is complete, they
are unrelated to formation of tracheal branches. However,
these Sr-expressing cells may play a role in attachment of
the terminal tracheal cells to the ectoderm. Terminal
tracheal cells require induction by Bnl for expression of
target genes, like SRF, and the formation of long extensions.
The terminal cells of the dorsal branch, visualized by SRF
expression, are attached to the group of ectodermal cells
that express low levels of Sr. Similarly, terminal cells of the
lateral branches are attached to ectoderm, fine extensions
and their tend to align along Sr-expressing cells (Figs. 1M
and 1N).
Stripe Is Required for Normal Tracheal Migration
In order to assess the role of tendon cells in regulation of
tracheal development, we studied the tracheal phenotypes
of sr mutant embryos. sr mutants exhibit a general failure of
the tracheal branches to migrate, which is detected at early
stages of tracheal migration (Fig. 2B). In sr155/DG4 embryos,
which are sr null mutants, most of the dorsal branches
failed to form (Figs. 2E, 2F, 2H, and 2L). The initial forma-
tion of the dorsal branches and the fine cytoplasmic exten-
sions proceeded normally (Fig. 2F), showing proper response
to Bnl signaling (Ribeiro et al., 2002); nonetheless, the cells
of dorsal branch failed to migrate. Similarly, the dorsal
trunk cells did not migrate and fuse properly (Figs. 2E and
2F), and fewer cells than normal formed the lateral and
ganglionic branches (Fig. 2H).
Likewise, in the hypomorphic background of srG11 ho-
mozygous mutants, a reduced number of cells were found
in the dorsal and the ganglionic branches, and the dorsal
trunk branches failed to fuse (Figs. 2J and 2G). Note that
tracheal terminal cell differentiation was not affected in the
extended branches, indicating a normal position of Bnl
expression. From the mutant analysis, it appears that the
dorsal branch phenotype may be functionally correlated
with absence of group I Sr-expressing cells, the dorsal trunk
phenotype with group II, and the ganglionic branch with
group III expression patterns. Thus, distinct aspects of
tracheal branch migration may be correlated to different
aspects of Sr expression.
In sr mutant embryos, both muscle patterning and tra-
cheal migration are impaired (Fig. 2L). However, the tra-
cheal phenotype appears to be independent of the muscle
phenotype detected in these sr allelic combinations. First,
tracheal defects were detected already at stage 12, in which
the muscle pattern is still normal in sr mutants (Fig. 2B;
Frommer et al., 1996). Second, in heartless (htl) mutant
embryos, where most of the dorsal muscles are not formed
properly (Beiman et al., 1996; Gisselbrecht et al., 1996), the
dorsal branch appeared to be normal in segments lacking
the dorsal muscles or exhibiting abnormal dorsal muscle
pattern (Fig. 2M). Similarly, we did not observe any tracheal
defects in vein mutants, which exhibit abnormal muscle
migration and attachment (Yarnitzky et al., 1997). While Sr
is essential for specifying the fate of the tendon cells
(Frommer et al., 1996), the cuticles of sr mutant embryos
did not show significant ectodermal patterning defects,
again implying that the tracheal phenotype was not caused
by malformation of the ectoderm per se. These findings
show that migration of the cells in the dorsal branch is
coordinated by ectodermal signals and is independent of
muscles.
Activation of the Dpp pathway in tracheal cells was
shown to induce expression of the target gene knirps (kni)
in the dorsal branch and lateral branches (Chen et al., 1998).
Similarly, the Wnt pathway induces expression of spalt (sal)
in the dorsal trunk (Llimargas, 2000; Chihara and Hayashi,
2000). To exclude the possibility that aberrant migration of
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FIG. 3. Expression of kni and sal in the trachea of stripe mutant embryos. (A) In wild-type embryos at stage 14, expression of Kni is induced
by the Dpp pathway in the dorsal branch and in the lateral anterior and posterior trunks (arrows). Green, anti-Trh; red, anti-Kni. (B) In sr155/DG4
embryos, expression of Kni in these branches was visible (arrows). (C) In wild-type embryos at stage 14, expression of Sal is observed in the dorsal
trunk (arrow). Green, anti-Trh; red, anti-Sal. (D) In sr155/DG4 embryos, expression of Sal in the dorsal trunk was retained (arrow).
FIG. 4. Ectopic expression of Stripe increases the number of cells migrating into the dorsal branch. Tracheal cells were marked with
anti-Trh (red) and terminal cells were marked with anti-SRF (green). (A) Normally, 5–6 cells form dorsal branch (arrow). Green, SRF. (B)
Following Sr misexpression in the ectoderm by 69B-Gal4, 6–10 cells were found in the dorsal branch (arrow). (B) Ectopic Sr expression in
the ectoderm did not affect terminal branch specification marked with anti-SRF (green).
© 2002 Elsevier Science (USA). All rights reserved.
tracheal cells in sr mutant embryos is caused by defects in
one of these signaling pathways, we followed the expression
of kni and sal. In sr mutants, expression of Kni was clearly
visible in the dorsal and lateral branches that migrate
normally, and even in the ones which display only residual
migration (Fig. 3B). Expression of Sal was observed in the
dorsal trunk in segments where remnants of the dorsal
trunk were formed (Fig. 3D). These experiments rule out
the possibility that aberrant tracheal migration in sr mutant
embryos is an indirect consequence of defects in Dpp or
Wnt signaling in the trachea.
In order to test whether the highly restricted expres-
sion of Sr provides an instructive cue for tracheal migra-
tion, we misexpressed Sr in the ectoderm with 69B-Gal4.
The overall tracheal migration pattern was not altered.
The only deviation observed was in the number of cells
allocated to the dorsal branch. Normally five to six cells
form the dorsal branch. Ectopic Sr resulted in an increase
in the number of cells forming the dorsal branch (up to 10
cells) (Fig. 4B). The specification of terminal and fusion
tracheal cell fates was not affected as detected by normal
SRF expression in a single terminal cell (Fig. 4B). These
experiments demonstrate that regulated Sr expression
does not provide positional cues for migration, but rather
may facilitate the activity of other restricted signals.
Enhancement of such a restricted signal by ectopic Sr
may account for the recruitment of extra cells to the
dorsal branch.
Expression of Sr by the tracheal driver btl-Gal4 gave rise
to a similar increase in the number of cells allocated to the
dorsal branch (not shown). This result demonstrates that
the ectopic effects of Sr following ubiquitous ectodermal
expression are not due to a secondary effect of ectodermal
patterning, but rather due to a specific effect on the dorsal
tracheal branch. Furthermore, it indicates that the proteins
induced by ectopic Sr, which are relevant for tracheal
migration, may be produced either by the ectodermal cells
or the tracheal cells and are thus likely to be functional
outside of the producing cell (on the cell surface, the ECM,
or as secreted proteins).
Stripe Does Not Regulate Branchless Expression
Tracheal branch migration is regulated by the Bnl signal
emanating from the ectoderm. The enhancer trap of bnl is
expressed in the tendon cells (Fig. 5A). Note that bnl RNA
is normally expressed in only a few dorsal cells at a given
time, while the bnl-enhancer trap marks all bnl-expressing
cells, even at stage 14, due to -galactosidase stability. Sr is
a transcription factor that could possibly regulate bnl ex-
pression. Therefore, we tested whether bnl expression is
dependent on Sr function, using in situ RNA hybridization
with a bnl probe. The expression of bnl was not affected in
sr mutants (Figs. 5B and 5C). Similarly, ectopic expression
of Sr in the ectoderm did not alter bnl expression pattern
(Figs. 5D and 5E). This experiment demonstrated that bnl
regulation is not dependent on Sr function.
FIG. 5. Stripe does not regulate Branchless expression. (A) Embryos
at stage 14 expressing bnl-LacZ were stained with anti-Gal (green)
and anti-Sr (red). Coexpression of bnl in the dorsal tendon cells is
observed. The appearance of bnl-LacZ in a stripe, rather than a spot of
cells, may be due to the perdurance of LacZ. (B) In situ hybridization
of bnl RNA in a stage 12 wild-type embryo. (C) In srG11/DG4 mutant
embryos, the spots of bnl directing migration of the dorsal branch
(black arrow), lateral trunk anterior (white arrow), or lateral trunk
posterior (white arrowhead) are intact. (D, E) In 69B-Gal4/UAS-sr
embryos, the expression pattern of bnl RNA is not altered. (D) Stage
15 dorsal view shows a dorsal patch (black arrow), and (E) lateral view
shows a normal lateral anterior patch (white arrow).
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Stripe Enhances the Chemoattractive Activity
of Branchless
Sr mutant and misexpression experiments implied that Sr
induces an essential, yet noninstructive, signal for tracheal
migration. To assess whether Sr is able to modulate or
enhance the chemoattractive ability of Bnl, we expressed Sr
or Bnl alone or simultaneously, in the salivary glands of
larvae, which normally lack any trachea (Fig. 6A). Previous
studies demonstrated that tracheal branches were attracted
to the salivary glands upon ectopic expression of Bnl
(Jarecki et al., 1999; Fig. 6B). Misexpression of Sr in the
salivary glands was previously shown to attract muscles
(Becker et al., 1997). However, it did not attract tracheal
branches. In contrast, misexpression of both Sr and Bnl led
to dramatic tracheal sprouting in the salivary glands, much
more pronounced than following Bnl misexpression alone
(Figs. 6B–6D). This experiment demonstrates that Sr can
enhance the chemoattractive activity of Bnl.
One possible way by which Sr cells may facilitate Bnl
activity is through expression of an extracellular compo-
nent by the tendon-precursor that is able to trap secreted
Bnl, thus increasing the local concentration of this potent
chemoattractant. Similarly, the activity of Bnl was shown
to depend on heparan sulfate proteoglycans (Michelson et
al., 1998). This mode of action is also employed by tendon
cells via the activity of Kakapo to concentrate Vein in
tendon/muscle junctions (Strumpf and Volk, 1998). An
alternative way for Sr to provide synergizing cues to the
tracheal cells is through induction of cell–cell contact or
cell–matrix interaction between the tendon and the tra-
cheal cells. However, the putative Sr-target genes that may
mediate the tendon–tracheal interaction remain to be iden-
tified.
A possible candidate for a secreted protein expressed in
the tendon cells is Slit (Kramer et al., 2001). However, when
we tested the tracheal phenotypes of slit mutants and
FIG. 6. Stripe expression synergizes with Branchless to attract tracheal migration to the salivary glands. Trachea (visualized by phase
microscopy) in wild type third instar larvae (A) or following misexpression by sim-Gal4 of Bnl alone (B) or Bnl and Sr (C, D). Normally,
salivary glands lack trachea. Misexpression of Sr alone did not attract any trachea (not shown). Salivary glands expressing Bnl attracted
several tracheal branches which displayed terminal branching. Misexpression of Sr and Bnl together significantly increased the number of
tracheal branches attracted to the salivary glands, as well as their extent of terminal branching.
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following ectopic Slit expression by 69B-Gal4, we detected
only very mild defects (not shown), thus excluding Slit as an
essential downstream Sr mediator of tracheal migration.
In conclusion, we show that ectodermal cells expressing
Sr provide sequential signals for migration of tracheal and
muscle cells. While the signal for muscles is instructive,
the cue for tracheal migration synergizes with the restricted
and dynamic Bnl signal. Sr and Bnl functioned coopera-
tively to attract trachea to the salivary glands upon ectopic
expression. Based on this result, it is tempting to speculate
that, in a similar manner, the tendon cells normally mark
the correct path to the tracheal cells. This may be achieved
by expression of cell surface molecules that restrict the
diffusion of Bnl and thus necessitate tight association
between the trachea and ectoderm for proper migration.
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